Dendrimers and hyperbranched polymers represent a novel class of structurally controlled macromolecules derived from a branches-uponbranches structural motif. The synthetic procedures developed for dendrimer preparation permit nearly complete control over the critical molecular design parameters, such as size, shape, surface/interior chemistry,¯exibility, and topology. Dendrimers are well de®ned, highly branched macromolecules that radiate from a central core and are synthesized through a stepwise, repetitive reaction sequence that guarantees complete shells for each generation, leading to polymers that are mono-disperse. This property of dendrimers makes it particularly natural to coarsen interactions in order to simulate dynamic processes occurring at larger length and longer time scales. In this paper, we describe methods to construct 3-dimensional molecular structures of dendrimers (Continuous Con®guration Boltzmann Biased direct Monte Carlo, CCBB MC) and methods towards coarse graining dendrimer interactions (NEIMO and hierarchical NEIMO methods) and representation of solvent dendrimer interactions through continuum solvation theories, Poisson±Boltzmann (PB) and Surface Generalized Born (SGB) methods. We will describe applications to PAMAM, stimuli response hybrid star-dendrimer polymers, and supra molecular assemblies crystallizing to A15 colloidal structure or Pm6m liquid crystals. q
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Introduction
Dendrimers and hyperbranched polymers represent a novel class of structurally controlled macromolecules derived from a branches-upon-branches structural motif [1, 2] . Dendrimers are well de®ned, highly branched macromolecules that radiate from a central core and are synthesized through a stepwise, repetitive reaction sequence that guarantees complete shells for each generation, leading to polymers that are monodisperse [3] . The synthetic procedures developed for dendrimer preparation permit nearly complete control over the critical molecular design parameters such as size, shape, surface/interior chemistry,¯ex-ibility, and topology [1±3] . Synthetic techniques proved effective include the Starburst divergent strategy of Tomalia and coworkers [1, 2] , the convergent growth strategy of Frechet and coworkers [4±7] , and the self-assembly strategy of Zimmerman and coworkers [8] . These methods have proved effective in generating macromolecules with a unique combination of properties [9±14] .
The geometric characterization of dendrimer structure has lagged and hence retarded the rapid progress in synthesis and design. The problem is that dendrimers possess an enormous number of energetically permissible conformations, and in solution there is frequent interchange between them. The diffraction techniques yield little structure information. Also a number of generations involve the same monomers, making it dif®cult to extract precise information about the local structure from infrared or NMR experiments.
Thus the most precise experimental data about overall structure comes from size exclusion chromatography (SEC). The main experimental data about the geometric character of particular sites has come from NMR relaxation times for molecules that partially penetrate into the dendrimer [15] .
A particular advantage of using theory is that the properties of new materials can be predicted in advance of experiments. This allows the system to be adjusted and re®ned so as to obtain the optimal properties before the arduous experimental task of synthesis and characterization. However, there are signi®cant challenges in using theory
to predict accurate properties of functional dendritic materials. Below we describe some recent developments in the area of dendrimers and molecular modeling applications to a list of dendritic polymers: PAMAM, stimuli responsive polymers, and colloidal crystals of self assembled dendrimers. The paper is organized as follows: In Section 2, we brie¯y describe the Continuous Con®gurational Boltzmann Biased (CCBB) direct Monte Carlo method [16, 17] used in building the 3-dimensional molecular representations of the dendrimers used in this study, then the NEIMO and hierarchical NEIMO strategy [18±20]. In Section 2.3 we describe Poisson±Boltzmann (PB) and Surface Generalized Born (SGB) approaches for accurate and ef®cient treatment of continuum solvation in molecular dynamics simulation of polymers. Finally, in Section 3 we describe the molecular mechanics and molecular dynamics applications on various dendrimers utilizing these methods.
Methods

The CCBB direct Monte Carlo method for dendrimers
To predict the properties of polymers, it is necessary to determine an ensemble of conformations highly populated at the temperature and pressure of interest. An ef®cient method for predicting these conformations is by using Monte Carlo (MC) sampling. CCBB MC is an improved method that was developed for this purpose [16±17]. We have taken advantage of this method to generate energetically preferable 3-dimensional molecular structures of various dendrimers.
The CCBB direct Monte Carlo method is developed on the basis of independent rotational sampling (IRS) method. In the IRS method, torsional degrees of the polymer chains are sampled using a weighting function based on the Boltzmann factor of the torsion energy. The normalized torsion weighting function (TWF), WIRS, for IRS is de®ned as
where
However, the possibility of spatial overlaps between nonbonded atoms cannot be excluded in IRS. Thus, con®gura-tions with extremely high energy will be generated.
In order to remedy this, nonbonding interactions in the vicinity of the growing chain end and within a cutoff sphere are included in the TWF calculation. Hence, Boltzmann factor for the non-bond energy within a cutoff radius, R C , is also accounted for in the de®nition of TWF, W CCB , as
where atom j belongs to the growing chain end group and atom k is one of the atoms in the grown polymer chain. Q(R) is the Heavyside step function, QR 0 when R , 0 and QR 1 when R . 0: Prior to each step of chain sampling, the torsion energy and nonbond energy within the cutoff radius of growing end were calculated for a ®xed number of grid points (equally spaced from 0 to 2p i) and W CCB was evaluated. The auxiliary distribution, P CCB (f ), is de®ned as:
A random number j , uniformly distributed in the interval [0,1) is drawn and the torsion angle f is obtained by requiring
Using CCBB MC method one can ef®ciently calculate the free energy from which the thermodynamic properties of polymers and dendrimers can be derived. However in this study we have utilized the method to construct the initial 3-dimensional molecular structures to be used in molecular dynamics studies.
Coarse graining in length and time
The NEIMO dynamics for dendrimers
Our ®rst priority in extending the length and time scales in simulations of dendritic polymers is to coarsen the description of forces, from all atoms to segments or to collections of atoms. It is also important to use large time steps in integrating the equations of motion in molecular dynamics along with coarsened forces. The Newton Euler Inverse Mass Operator (NEIMO) method [18±20] is an ef®cient approach of doing dynamics with larger integration steps with only the low frequency internal torsional coordinates while eliminating high frequency bond stretch and angle bend modes in macromolecules. This dramatically decreases the number of time steps to follow conformational transitions for two reasons. First, the time step can be 5±10 times larger because the high frequency modes are missing. Second, the frictional terms due to the high frequency [22] . Here the major domains are treated as rigid bodies while properly allowing¯exible torsional connections for all the amino acids connecting the domains. We are using the hierarchical NEIMO for simulating the Frechet stimuli responsive polymers. Here there are four dendrimers attached to the ends of a¯exible four arm star polymer. Thus, we use normal NEIMO to describe the dynamics of the star polymer but treat the dendrimers as rigid but connected¯exibly to the star. This greatly decreases the number of degrees of freedom.
Coarse grained force ®elds
The combination of coarsened forces and dynamics is essential for simulating equilibrium and non-equilibrium processes for dendritic materials and the self-assembly processes. Here, we start with the atomistic description and average the forces over atoms to obtain a representation in terms of supramolecular assemblies. For¯exible polymers (e.g. The four arm star part of the Frechet hybrid macromolecules), we expect that we can obtain a useful mesoscale description by replacing every 10 monomers or so with a pseudo-atom, but with FF parameters for the pseudoatoms adjusted to represent the¯uctuations of the all atom calculation. Another approach is to use all-atom calculations to determine multi-pole expansions of the electrostatic and dispersion ®elds that can then be used for the supermolecular description of an assembly. This expansion is then taken as the interaction potential between the two extended`bodies' with a core repulsion term de®ned from the envelop of the extended body. This approach takes into account the orientation dependence of the interactions for all geometries.
The continuous solvation methods in simulating dendrimers
Solvents have a major effect on the structure and properties of dendrimers. Consequently, we must include the solvent in the MD simulations. The costs are signi®cant. Thus in studying the Frechet Stimuli-responsive dendrimer (see Section 3.3 below) our simulations included the ,1609 atoms of the dendrimer plus ,80,000 atoms of solvent.
Such explicit solvent calculations are compute intensive and we have searched for accurate ways to obtain an implicit description of these solvent effects. In the biological literature, it is common to ignore the solvent and to modify the coulomb interactions between the atoms of the proteins by using a distance dependent dielectric constant or a solvent-accessible surface area linear relationship. These methods are too crude for our purpose. Instead, we replace the solvent with a continuum solvent, obeying the Poisson±Boltzmann classical electrostatic equation. This approach provides a solution for large-scale solvation problems. It includes local solvent reorganization through the use of explicit ®rst solvation layer.
This PB continuum solvation description [23, 24] serves as an intermediate approximation between implicit and explicit solvent simulations. We have used this the continuum solvent approach to study the stimuli response of Frechet dendrimets (see Section 3.3 below).
Although the PB approximation greatly decreases the cost of accurate solvation, the PB calculation is still the expensive component of force evaluation in each MD step. Consequently, we are exploring even faster means to include accurate solvation. One promising approach is a reparameterized generalized Born (GB) solvent, calibrated to match the more accurate PB calculations for model systems prior to MD simulations.
The SGB method has the same continuum solvent picture as PBF but is based on simpler models, it is therefore a much faster method. Since the atom calculations are independent, it is also easier to parallelize. SGB is [25] based on the Generalized Born model developed by Still et al. [26] . In SGB method, the total potential energy is constructed from atomic terms inside the molecular cavity:
The pairwise terms based on combination rules from the atomic energies
The a 's are Born radii, the radius of the sphere which gives the same atomic potential energy as the numerical evaluation in the molecular cavity. Included with the SGB model are a few other parameterizations to improve the modeling of long-range effects and deep cavities in the surface. In general we ®nd SGB to be about ten times faster than PBF, making it more amenable to molecular dynamics simulations, while retaining comparable accuracy.
Results
PAMAM: structure as a function of generation
Recently, dendritic polymers have been used as soluble 
templates/unimolecular reactors from which nanoclusters of inorganic compounds or elements can be synthesized. The basic concept involves using dendrimers as hosts to preorganize small molecules or metal ions, followed by a simple in situ reaction which will immobilize and stabilize domains of atomic or molecular guest components (inorganic compounds as well as elemental metals) [24] . In one of these examples poly (amidoamine) (PAMAM) dendrimers have been used, to attract copper (II) ions inside the macromolecules where they are subsequently reacted with solubilized H 2 S to form metal sul®des [28] . The organic/inorganic, dendrimer-based hybrid species have been termed`nanocomposites' and display unusual properties. For example, solubility of the nanocomposites is determined by the properties of the host dendrimer molecules. This allows for solubilization of the inorganic guest compounds in environments in which they are inherently insoluble. Since it has been established that there is no covalent bond between host and guest, these observations suggest that the inorganic be physically and spatially restricted by the dendrimer shell. However, this structure has not been veri®ed. Here, we use 3-dimensional structure building tools based on CCBB MC method and molecular dynamics techniques to investigate the structural characteristics of PAMAM dendrimers.
We carried out molecular dynamics simulations at room temperature to investigate the structure of the PAMAM dendrimers up to generation 7.
In the molecular model building process, we used an annealing scheme involving successive steps of energy minimization and molecular dynamics runs. We have used two different initiators, ethylene diamine (EDA) and ammonia (NH 3 ). After constructing the initial structures, molecular dynamics simulations are carried out at T 300 K using the Dreiding Force Field [29] . Each generation (including the half generations, the length of simulations were 200 ps (with time step of 1 fs). The initial 100 ps of the simulation is considered as thermal equilibration. The data from the second 100 ps is used to obtain the averages. The structural analysis is carried over the last 100 ps of each simulation. In Table 1 , we list the calculated radius of gyration for generations 1±7.
Supramolecular assemblies of dendrimers: colloidal crystals and discotic liquid crystals
Recently Percec and coworkers reported the synthesis of three generations of self-assembling mono-dendrons based on die AB(3) building block methyl 3,4,5-trihydroxybenzoate [30] HH -tris[p-(n-dodecan-1-yloxy) benzyloxy] benzyloxy}benzyloxy)-benzoate selfassembles in a spherical dendrimer that self-organizes in a 3-dimensional cubic Pm-3n lattice. Structural analysis of these lattices by X-ray diffraction provided the ®rst direct demonstration of the supra-molecular dendrimer shape change from cylindrical to spherical shape and the indirect determination of the average shape change of the mono-dendrons from a quarter of a disk to a half of a disk and to a sixth of a sphere as a function of generation number. These results have demonstrated the concept of mono-dendron and supra-molecular dendrimer shape controlled by generation number.
Coarse grain pseudoparticle representation: coarse grain force ®elds
As a case study we took the second generation dendrimers lead to a conical shape that packs to form a sphere (with 12 cones). The spheres pack into a crystal with the P m 3n space group. This was unexpected because this space group leads to dendrimer at the corners and centers of the cube (as in body centered cubic) but two dendrimers on each face. In contrast hard spheres would lead to face centered cubic (or hexagonal closest packed) in which spheres would be at the corners and faces with one per face. Thus, the Percec dendrimers have very different spacings in different directions. Here, each dendrimer has ,4500 atoms and the periodic unit cell has 37,000 atoms. This makes the determination of the optimum space group and unit cell tedious. The selfassembly of this system represents a model problem for a coarsening approach. We have developed a mesoscale Force Field model from atomistic level simulations using the following procedure. We considered a pair of dendrimers (9000 atoms total) and carried out atomistic calculations of the structure and energy as the dendrimers were brought together and taken apart at various rates, Fig. 1 . As shown in Fig. 2 , this leads to a net interaction that is ®t approximately by a Morse function. As the two dendrimers come together, the 108 C 12 alkyl tails on each interleave to dissolve in each other. This forms a bonding that is¯atter than a Morse curve. The inner core and dispersion parts have the same depth, however different minima. Near the bottom, the alkyl tails can continuously refold to accommodate the distance to the other dendrimer. Taking this slightlȳ at Morse function, we performed simulations in which each dendrimer was replaced by a single pseudo-particle. 
Preliminary studies using this force ®eld gave rise to stable P m 3n structure [31] . A 216 of these pseudo-particles placed in a unit cell we carried out molecular dynamics simulation at 2000 K as well by placing a 216 of these particles in a cubic cell. After quenching the system to room temperature we ®nd a slightly disordered A15 structure. This indicates that the nature of the alkyl tails may control the actual space group.
All atom simulations of Percec supramolecular assemblies
As depicted Fig. 3 , Percec dendrimers can be designed to aggregate to form cylinders, 3. a, or spheres, 3. b, depending upon the nature of the fundamental building unit. One class of these systems leads to cone type dendrimers that organize into spheres (2±12 per sphere depending on generation) which then pack into the unusual P m 3n (A-15) type cubic crystal structure having spheres at the corners and body center of the cube plus two on each face.
Using CCBB technique, we have built structures for generations 2±4 dendrimers. We then carried out successive minimization and dynamics simulations to anneal the structures to obtain stable structures. Fig. 4a , displays the generation 2 dendrimer, Fig. 4b is generation 3 and ®nally Fig. 4c is the generation 4. In Tables  2 and 3 , we have listed the physical properties of these dendrimers. We also have determined the variation of density as a function of distance from the center of mass of the dendrimer, Fig. 5 . We then carried out large-scale full atom MD calculations to determine the equilibrium structure at room temperature. These are large systems with 37,000 atoms (excluding hydrogen) per unit cell of P m 3n structure. The equilibrated structures led to X-ray 
diffraction intensities in good agreement with experiment, Fig. 6 .
Stimuli-responsive hybrid macromolecules
Frechet and coworkers [5] have prepared new stimuli responsive macromolecules based on linear, star and dendritic blocks, Fig. 7 . This macromolecule has hydrophobic dendritic groups at the periphery of a hydrophilic polyethylene glycol (PEG) star. Light scattering experiments suggest that changing the solvent from THF (tetrahydrofuran) to methanol lead to large changes in structure. To study the Fig. 3 . Dendritic supramolecular assemblies built using (a) 2-functional monomer unit resulting in cylindirical assembly, upon crystallization this results in a two dimensional crystal structure in space group P6mm; (b) 3-functional monomer unit resulting in spherical assembly, upon crystallization this supramolecular assembly leads to A-15 crystal structure.
response of these macromolecules to such variations in environment, we used molecular dynamics (MD) to predict structures and properties for the macromolecule in methanol and THF. These calculations used explicit solvent and periodic boundary conditions. The Frechet macromolecule has 2761 atoms and we included also 26,892 methanol molecules or 13,140 THF molecules. We used the MPSim MD program [32] to carry out 700 ps of NVT dynamic simulations at 300 K. These results show that that in THF the Frechet hybrid macromolecule has a somewhat compact PEG core with the dendrimer extending outward into the solvent while in methanol the PEG tends to wrap around the dendrimer to bury it way from the solvent, Fig. 8 . These results validate the interpretations by Frechet et al. [5] . We have ®rst carried out large-scale MD calculations on this system in two different solvents (THF ad methanol) to
determine the equilibrium structure as a function of solvent and temperature. The variation of radius of gyration as a function of simulation time is given in Fig. 9 . Explicit solvent calculations are extremely expensive. To utilize continuum solvent approach is absolutely necessary to identify the solvent response of these polymers fully. In order to parameterize SGB method, we have conducted several benchmark studies to compare and contrast SGB and explicit solvent method.
In explicit solvent simulations, the cubic solvent boxes with periodic boundary were constructed for methanol, THF and chloroform. Three kinds of solvents have been equilibrated at 300 K using NVT molecular dynamics for a suf®cient time. The densities of simulation solvents are 0.7911 g/cm 3 for methanol, 0.8522 g/cm 3 for THF and 1.4880 g/cm 3 for chloroform. These are in good agreement with the experimental values [33] . A piece of hydrophilic polyethylene glycol (PEG) chain with 11 unit groups and a hydrophobic dendritic group have been generated and put into solvent boxes. There are totally six different combinations of solute and solvent. Interatomic interactions are described by the all atom OPLS force ®eld, which has been tested by thermodynamic properties of pure organic liquids, especially heats of vaporization and densities and by free energy of hydration [34] . NVT MD simulations have been carried out for six cases at 300 K. In simulations, PEG chain and dendritic group are kept rigid and only solvent molecules are movable and re-equilibrated to a solvation state. At a solvation state, total energy of solute and solvent system would dynamically¯uctuate over a constant value. At any snapshot of solution state, the solvation energy can be obtained from the total energy of solution and the self-energies of the solute and solvent. Both the electrostatic energy and van der Waals energy contribute to the solvation energy. The electrostatic energy contribution is also called polarization energy. By averaging over the solvation states, the polarization energies have been computed and compared with those computed in SGB method. In SGB method, dielectric constants of solvents are used as input data. Here, we have Table 2 Theoretical number of mono-dendrons, molecular weight, number of atoms and number of end groups for (3,4,5)n12Gn-COOH spherical supramolecule. m is the number of mono-dendrons, M w is the molecular weight of the spherical supra-molecular dendrimer. N A , number of atoms, N C , N H , N O , number of C, H and O atoms, respectively, N E , number of the end groups in supra-molecule Table 3 Average radius of gyration, R g , average volumetric radii, R v , which is calculated from molecular volume using V 4=3pR 3 v and the average lattice parameters of (3, 4, 5) 
taken the experimental values, 32.63 for methanol, 7.52 for THF and 4.8069 for chloroform [33] . Polarization energy of solvation is also computed by solving the Poisson±Boltzmann equations. In Table 4 , we present the results of explicit solvent and the SGB methods. PEG and dendritic group are rigid and have the same conformation in both simulations.
Concluding remarks
We have addressed some of the connections between dendrimers and technological applications especially in the nanotechnology. Dendrimers are a new class of 3-dimensional, man-made molecules produced by an unusual 
synthetic route, which incorporates repetitive branching sequences to create a unique novel architecture. Exceptional features of the dendritic architecture include a high degree of structural symmetry, a density gradient displaying an intra-molecular minimum value and a well de®ned number of terminal groups, which may be chemically different from the interior [35±37] . The combination of these features creates an environment within the dendrimer molecule facilitates, and is an avenue to developing reliable and economical functional nanoscale materials that will have unique properties (electronic, optical, opto-electronic, magnetic, chemical, or biological). This, in turn can serve as the basis of new nanoscale devices. In this paper, we have reported recent developments in molecular simulation and modeling methods for dendrimers. These are (i) an ef®cient 3-dimensional molecular structure builder using Continuous Con®guration Biased direct Monte Carlo Method, (ii) extended constrained force algorithms for¯exible polymers, NEIMO and H-NEIMO, and (iii) Continuum solvent approaches for ef®cient and accurate treatment of solvation effects for dendrimer. We applied these to study structure of EDAcored PAMAM dendrimer as a function of generation, effect of solvents on the structure of hybrid star-dendrimer stimuli response macromolecules of Frechet and to a study of the self assembly of Percec dendritic supramolecules. Fig. 7 . Stimuli responsive macromolecules based on linear-, star-, and dendritic-blocks respond to a change in environment through changes in shape, size or nature of their exposed surface (e.g. hydrophobic or hydrophilic). Fig. 8 . Last structures obtained from MD simulations of Frechet hybrid star dendritic polymer in explicit solvents: (a) In methanol, the overall structure attempts to`bury' the hydrophobic G2-dendritic wedges (blue-ligth gray) inside the hydrophilic PEG groups (red-dark gray); (b) In THF, the overall structure attempts to`expose' the hydrophobic G2-dendritic wedges (blue-light gray) outside the collapsed hydrophilic PEG linear-core. 
